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Graphene has attracted a great interest in material science due to its novel electronic structrues. 
Recently, magnetism discovered in graphene based systems opens the possibility of their spintronics 
application. This paper provides a comprehensive review on the magnetic behaviors and electronic 
structures of graphene systems, including 2-dimensional graphene, 1-dimensional graphene 
nanoribbons, and 0-dimensional graphene nanoclusters. Theoretical research suggests that such metal-
free magnetism mainly comes from the localized states or edges states. By applying external electric 
field, or by chemical modification, we can turn the zigzag nanoribbon systems to half metal, thus 
obtain a perfect spin filter.  
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1.   Introduction 
Metal-free magnetism is the subject of an intense 
research, because of the small spin-orbit coupling and 
long spin scattering length. Due to the possibility of 
high Cure temperature, carbon-based nanostructures 
hold significant promise for future electronic 
devices.1Following the detection of room-Temperature 
weak ferromagnetism in polymerized C60,1 several 
experimental groups  have discovered magnetism in 
pure carbon materials.2-4 Intrinsic carbon defects or 
adatoms are believed to be the origin of the 
unexpected magnetism.5-7 
Recently, due to the progress of device setup 
techniques, a new kind of carbon materials named as 
graphene, has been fabricated.8 Graphene is a 
monolayer of carbon atoms packed into a dense 
honeycomb crystal structure, which can be obtained by 
mechanical exfoliation from graphite. Many 
experimental studies have focused on the anomalous 
quantum hall effect (QHE).9-13 Another important 
observation is that the electron mobility of graphene is 
about ten times higher than the mobility of commercial 
silicon wafers and electrons can travel huge distances 
(300 nm or more) without being scattered.12-13 These 
excellent properties make graphene a potential 
substitute of silicon in electronics.  
     Because of the long spin-relaxation length and 
ballistic transport characteristics, graphene provides a 
great arena to develop the spin-polarized devices. 
Different with the d or f shell elements, carbon atoms 
themselves don’t own magnetic moments.  Therefore, 
the researches on grapheme based spintronics mainly 
pay attention to the substantial magnetism in graphene. 
In this review paper, we discuss three classes of 
graphene systems according to their dimensions: 
graphene, graphene nanoribbons (GNR), and graphene 
nanoclusters (GNC).  
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2.   Graphene 
Graphene, as a metal-free material, contains no 
magnetic atoms. Its honeycomb structure contains a 
bipartite lattice, formed by two interpenetrating 
triangular sublattics (A and B). The electronic 
structure of graphene can be described by a single-
orbital nearest-neighbor hopping Hamiltonian.14,15 This 
model correctly describes the graphene with linear 
bands around the Fermi energy. The magnetism in 
graphene comes from the local states caused by 
defects or molecular adsorption.  
2.1.   Defects  
Defects in ideal graphene can be introduced by both 
vacancies and external doping. Many experimental 
works have reported the existence of magnetism in 
carbon materials by electrons or ions irradiation.16-18 
The common feature of these defects is that carbon 
atoms are removed from the graphene sheet, which 
gives quasilocalized states at the Fermi level.19-20 First-
principles calculations and tight-binding method have 
been applied for such systems.21-24 Using density 
functional theory (DFT) with the generalized gradient 
approximation (GGA), Yazyev et al. have studied the 
magnetic behaviors of signal atom vacancies in 
graphene.21 Calculated magnetic moments are equal to 
1.12-1.53μB  per vacancy depending on the defect 
concentration. As shown in Fig 1, vacancy induces an 
impurity state around the Fermi level, and break the 
D3h symmetry. The two sublattices have different spin 
populations. They also argued that only when these 
defects are produced in the same sublattice, the 
magnetic moments from the defective states can make 
a ferromagnetic (FM) coupling. Other groups have 
obtained similar conclusions. 22-24 Besides, Lehtinen et 
al. also found that additional hydrogen adsorption on 
the vacancy can destroy the magnetism.22 On the other 
hand, Zhang et.al. concluded that the presence of 
nitrogen around a vacancy can produce larger 
macroscopic magnetic signals as compared to a 
standalone carbon vacancy.23 The different electronic 
and magnetic behaviors of carbon vacancy under 
external elements adsorption provide a very valuable 
method to manipulate the magnetism of graphene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.   (a) Density of states plots for the systems with the vacancy 
defects. The dashed line shows the density of states of the ideal 
graphene. Labels indicate the character of the defect states. (b) 
Spin-density projection (in μB/a.u.2) on the graphene plane around 
the vacancy defect. (From ref. 21) 
  As we know, besides the native defects (vacancies), 
graphene can also show magnetism by doping defects.  
Okada et. al. studied the electronic structures of  
hexagonally bonded honeycomb graphene by 
introducing B and N atoms.25 According to their 
results, the π orbitals of the atoms aroud the border 
regions of graphite and BN are localized, and they are 
responsible for the magnetism. Theoretical 
calculations reveal that such magnetic atoms favor FM 
coupling. Their results provide an interesting direction 
to get metal-free FM materials. 
2.2.   Adsorption 
Not only defects can produce magnetism, atom or 
molecule adsorptions also can lead to the occurrence 
of magnetic moments.        
Yazyev et al. 21and Boukhvalov et.al.26 have studied 
the adsorption of hydrogen atoms on graphene. Their 
results confirmed that such adsorption will lead to 
magnetic moments on neighboring carbon atoms, and 
such spin-polarized states are mainly localized around 
the adsorptive hydrogen. Another feature is that the sp2 
carbon atoms will become sp3 carbon, and make the 
graphene lose the D3h symmetry. Boukhvalov et.al.26 
also investigated the magnetic coupling under 
hydrogen pair. The calculated results show that only 
the hydrogen atoms distributing on the same 
sublattices can introduce FM coupling, while on the 
nearest carbon pairs, the dangling bonds of carbon 
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atoms will be saturated, leading to non-magnetic 
system. 
 Other possible adsorptive atoms include carbon27, 
nitrogen28, and oxygen atoms29. The adsorptive carbon, 
nitrogen, and oxygen atoms prefer the bridge-like 
positions on graphene surface. Carbon and nitrogen 
atoms induce magnetic moments in the graphene, 
while oxygen atom cannot. The calculated diffusion 
barrier is 0.47 eV for carbon, and 1.1 eV for nitrogen.  
3.   Graphene nanoribbons 
Graphene nanoribbons (GNRs) are grephene layer 
terminated in one direction with a specific widths. 
Their electronic structures have been broadly studied 
with tight-binding method and first-principles 
calculations.30-34 The geometric structures of GNRs are 
shown in Fig. 2. Following the standard 
convention30,33,34, armchair GNRs are classified by the 
number of dimmer lines (Na) across the ribbon. 
Likewise, zigzag GNRs are classified by the number 
of the zigzag chains (Nz) across the ribbons.  
 
Fig. 2. Structures of (a) armchair graphene nanoribbons, and (b) 
zigzag grephene nanoribbons. Black balls are carbon atoms, and 
white balls are hydrogen atoms. The rectangle drawn with dashed 
lines denotes the unit cell. 
  Son et.al. have investigated the energy gaps of such 
GNRs with both modified tight-binding approximation 
and first-principles calculations.33 Their results reveal 
that all such GNRs are semiconductors with an energy 
gap. For armchair GNRs, the energy gaps can be 
characterized by Δ~ wa-1, where wa means the width of 
a graphene nanoribbon. Similarly, the energy gaps can 
be fitted by Δ = 9.33/( wz+15.0) for zigzag GNRs, wz  
means the width of a zigzag nanoribbon in angstrom. 
The most important thing is that edge states lead to the 
appearance of magnetic order in zigzag nanoribbons. 
Detailed theoretical research confirmed that such spin 
polarization has FM coupling on the same edges, while 
anti-ferromagnetic (AFM) coupling between the two 
challenge edges.33, 35  
 
3.1. Armchira graphene naoribbons  
  Since all the previous calculations suggest that 
armchair GNRs are non-magnetic, it is challenge to 
find a reliable way to gain magnetism in such 
nanoribbons. Our previous calculations show modified 
edges with different chemical groups don’t lead to 
magnetic structures.36 
     As a natural counterpart of armchair GNRs, carbon 
nanotubes (CNT) provide many valuable insights for 
the magnetic research. To take full advantage of the 
long spin-relaxation length and ballistic transport 
characteristics, many groups have investigated the 
combo of transitional metals and CNT.37-40 Besides the 
substantial magnetism, their results also show that 
such structures may display half-metallicity.37 
  Metal atomic chains can adsorb on the graphene 
surface, and may provide the needed magnetism. 
Therefore, we performed first-principles calculations 
on the electronic structures of atomic titanium chain 
on armchair GNRs.41 We consider three different Ti 
concentration in our models, as plotted in Fig. 3. The 
calculated results show all Ti atomic chains prefer the 
edges of the armchair GNRs, and favor FM coupling. 
Compared with CNT, armchair GNRs can bind the Ti 
chains more strongly. Another important feature is that 
all such hybridized structures are metallic.  
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Fig.3. The structures of armchair GNRs adsorbed by Ti chains. 
Black balls are C atoms, sapphire balls are H atoms, and white 
balls represent Ti atoms. The rectangle drawn with a solid line 
denotes the cell which is double of the unit cell of pure armchair 
GNRs. (a), (b), and (c) represent the configurations in that the 
numbers of adsorbed transition-metal atoms per cell are one, two, 
and four. All structures are fully relaxed before performing band 
structure calculations. (From ref. 41) 
 Particularly, Our results also show that when the 
nanoribbons are less than 2.1 nm in width, the hybrid 
structures may present half-metallic behaviors. Thus, 
such hybrid structures between the metal atom chains 
and the graphene may provide an useful way to 
produce spintronics. 
 
3.2. Zigzag graphene nanoribbons  
It is now well-known that zigzag edge GNR is a 
semiconductor with two electronic edge states, which 
are FM ordered but AFM coupled to each other.33-35 
The magnetic edge states degenerate in energy. In the 
following, we show that there are several means to 
turn zigzag GRNs to half metal.  
 
A) External electric fields 
 
Because the magnetic states are the edge states, thus 
the external transverse electric fields are expected to 
have significant effect on such states. Son et. at.42 have 
performed ad initio calculations based on density 
functional method within local spin density 
approximation. In their models, an external electric 
field is applied across the ribbons, as shown in Fig.4.  
   
 
Fig.4. The structures of zigzag graphene nanoribbons: black balls 
are C atoms and white balls are H atoms. The rectangle drawn with 
dashed lines denotes the unit cell, and the arrow line represents the 
direction of external electric fields. 
Their results reveal an interesting phenomenon: 
an applied electric fields removes the degenerate in 
energy of the two edges, and make the ribbons spin-
selective. The break of degenerate is due to the 
additional potential caused by the electric fields. Fig. 5. 
shows the band structures of zigzag GRNs with a 
width of Nz = 16 under the electric fields. 
 
Fig. 5. The band structures of zigzag GNRs with Nz = 16 under 
external electric fields.  From left (a) to right (c), the spin-resolved 
band structures are response for electric fields with 0.0, 0.05, and 
0.1 V/Å, respectively. The red and blue lines denote bands of α-
spin and β-spin states. (From ref. 42) 
With further increase of the electric field strength, 
the same spin states overlap each other, as shown in 
Fig.5(c). The above results mean that zigzag GNRs 
can be tuned into half-metallic material by electric 
fields. Importantly, such metal-free half metals may 
have high Cure temperature, thus have a great impact 
in the future electronic devices. 
They also pointed out that the critical electric field 
to achieve half-metallicity in zigzag GNRs decreases 
as the width increases because the electrostatic 
potential difference between the two edges is 
proportional to the system size. 42 Their results provide 
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an encouraging tactic to practical spintronics, because 
the electric fields can be controlled in application. 
However, Rudberg et.al.43 have argued that the 
half-metallicity should be removed by the non-local 
exchange interaction. In their research, they 
constructed a finite piece of zigzag GNRs, which 
contains 472 carbon atoms, and 74 hydrogen atoms, 
with Nz = 8. Three different kind of functional have 
been adopted, i.e., LDA, GGA, and hybrid B3LYP. As 
shown in Fig. 6, their LDA and GGA results show that 
such zigzag GRNs can give half-metallic behaviors 
under external electric fields, similar with the results 
of Son’s.42 Surprisingly, within the framework of 
hybrid B3LYP, the half-metallicity is absent. The 
electronic structures are spin-selective semiconducting.  
Rudberg et.al.43 have concluded that non-local 
exchange interaction is responsible for the lack of half-
metallicity. 
 
Fig.6. Computed band gaps plotted against external electric field, 
for a  zigzag GNR with Nz = 8. The band gaps were calculated 
using the LDA, BLYP, and B3LYP functionals and the 3-21G 
basis set. LDA, BLYP, and B3LYP results are shown as triangles, 
squares, and circles, respectively. (From ref. 43)   
We have performed ab initio calculations within 
the framework of hybrid B3LYP functional to study 
the effect of the non-local exchange interaction on the 
infinite length zigzag GNRs,.44  We adopted the zigzag 
GRNs with the same width (Nz) of Rudberg et.al.43 
Our calculated results are plotted in Fig.7. It is clear 
that our model can be turned into half metal under 
strong enough external electric fields. 
 
Fig. 7 (a) Spin-up (blue) and spin-down (red) zigzag GNR with Nz 
= 8 band gaps against external electric fields. (b) Spin-up (blue) 
and spin-down (red) zigzag GNR with Nz = 8 and structures with 
E=0.65 V/Å. (c) The spin densities of zigzag GNR with Nz = 8 
under different external electric fields: red for positive values and 
blue for  negative. (From ref. 44) 
   Our results also reveal another feature: the half-
metallic behaviors can only be realized in limited 
range of external electric fields. In order to get enough 
information about this property, we plotted the density 
of states (DOS) in Fig.8. (a) and (b). The DOS analysis 
shows that when the spin-polarized electrons of one 
edge have been fully transferred to the other one 
driven by the electric field, the magnetism is removed.  
   We also studied the relation between the widths of 
ribbons and the critical and range of electric field for 
achieving half-metallicity. As shown in Fig.8.(c) and 
(d), the critical field is inversely proportional to the 
width of ribbons, while the range is proportional to the 
width. 
  According to our results, non-local exchange 
interaction cannot remove the half-metallicity in 
infinite length zigzag GNRs, but indeed increases the 
critical electric field.  
 
B) Edge modification 
Although the external electric field can tune the 
ribbons into half metals, it is a great challenge to apply 
strong field in large-scale applications. Since the half-
metallicity is caused by the charge transfer, chemical 
decoration or modification may provide an alternative 
way to convert zigzag GNR to half metal. 
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Fig. 8 PDOS of zigzag GNR with Nz = 8 under external electric 
field of (a) 0.0 V/Å and (b) 0.9 V/Å, positive for spin up and 
negative for spin down. (c) zigzag GNR band gaps against external 
electric fields for Nz =7, 9, 10, 12, and 14; the line with squares 
represents spin-up channel, and filled circles for spin-down one. (d) 
The critical electric fields (Et) to achieve half-metallicity and the 
range of electric field strength (from Et to Et + ΔE) to keep half-
metallicity for ribbons with Nz =5, 6, 7, 8, 9, 10, 12, and 14. (From 
ref. 44) 
  Gunlycke et.al. have studied the effect of different 
atoms or functional groups on electronic structures of 
zigzag GNRs.45 They suggest that such edge-
modification can alter the electronic structures. The 
carbon π orbitals at the edges were found to shift under 
effective potential induced by functional groups.  
Another interesting result was reported by  Hod 
et.al.46 They studied the edge-oxidized zigzag 
graphene  nano ribbons by hydroxyl, lactone, ketone, 
and ether groups. They find that these oxidized ribbons 
are more stable than hydrogen-terminated nanoribbons 
except in the case of the etheric groups. More 
importantly, the stable oxidized nanoribbons preserve 
the spin-polarized solutions with AFM coupling. 
Interestingly, they find that such edge oxidation can 
lower the onset electric field required to induce half-
metallic behavior and extend the field range in which 
the systems remain half-metallic.46 
As illustrated in Fig. 9, when the zigzag GNRs are 
modified with different groups at the two edges, the 
corresponding potential shifts are different. Thus, 
zigzag GNRs are expected to become spin-selective  
materials. Once the potential difference is large 
enough, conduction band (CB) and valence band (VB) 
in one spin channel (spin-down channel in Fig. 9) will 
overlap in energy, and the zigzag GNR is expected to 
become half metal. 
    
 
Fig. 9  (a) Structures of the H-saturated zigzag GNR and schematic 
energy diagram for the edge states. Green and sapphire balls 
denote carbon and hydrogen atoms, respectively. (b) Schematic 
edge-state energy diagram of zigzag GNR with different chemical 
modifications at the two edges. R (magenta) and R/ (orange) 
represent different functional groups. Red energy levels for the 
spin-up channel, and blue for the spin-down channel. (From ref. 47) 
To confirm our hypothesis, we have performed 
first-principles calculations.47 In our calculations, we 
considered different functional groups. We denoted it 
as A-B when the zigzag GNRs are modified with A 
groups at one edge, and B groups on the other edge.  
The considered pairs include NO2-NH2, NO2-H, and 
NO2-CH3. The calculated electronic structures show 
that NO2-NH2 pair tunes the zigzag GNRs into spin-
selective metals, while NO2-H pair converts the 
ribbons into spin-selective semiconductors. The most 
important result is that NO2-CH3 pair can make the 
ribbons become half metal. As plotted in Fig.10, we 
find that all the ribbons with different width included 
in our calculations can show half-metallicity through 
the modification of the NO2-CH3 pair.  
 As a critical factor in practice, the relative stability 
of the edge-modified zigzag GNRs is very important. 
Because these structures have different chemical 
compositions, the binding energy per atom does not 
provide a suitable measurement for the comparison of 
their relative stability. Therefore, we define a Gibbs 
free energy of formation δG for edge-modified zigzag 
GNRs as: δG= Ec – nHμH – nOμO – nNμN – nCμC, where 
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Ec is the cohesive energy per atom of chemically 
functionalized zigzag GNRs, ni is the molar fraction of 
atom i ( i = C, O, H, N) in the ribbons, satisfying the 
relation nH+nO+nN+nC=1. The binding energy per atom 
of H2, N2, and O2 molecules are chosen as μH, μO, and 
μN, respectively. And μC is the cohesive energy per 
atom of the infinite graphene. Our calculations reveal 
zigzag GNR modified by one NO2-CH3 pair per zigzag 
GNR unit (ZGNR-full) is less stable, and has a larger 
δG than the H-saturated one. This is easy to 
understand since the nearest-neighboring NO2 and CH3 
group repulsion is too large at short distances. To 
obtain more stable products, we construct a new 
structure, where there is only one NO2 and CH3 pair 
every two unit cells (ZGNR-half). The calculated 
Gibbs free energy of formation is greatly reduced, and 
ZGNR-half is even more stable than H-saturated 
ZGNR. The energy gaps of ZGNR-half are also 
presented in Fig.10. We clearly find that such 
structures are also half metals with Nz larger than 12. 
Thus, edge modifications should provide a possible 
way to produce zigzag GNR based spintronic devices. 
 
Fig.10. (a) Band structure and (b) spin density of zigzag GNRs 
modified by NO2-CH3 pair with Nz = 8. Red represents the spin-up 
channel, and blue for the spin-down channel. (c) The band gaps of 
ZGNR-full (red) and ZGNR-half (blue) with spin-up (squre) and 
spin-down (circle) channels. (From ref. 47) 
C) Chemical doping 
As a counterpart of edge modification, chemical 
doping method has been investigated.48, 51 Native 
doping elements are boron and nitrogen. Keeping in 
mind that BN zigzag nanoribbons have the similar 
structures with C,49, 50 we designed a new hybrid 
structure named as C/BN nanoribbons in our recent 
research.48  Our structures constitute CiBN, ( i= 1,2,3). 
Similar with the edge-modified zigzag GNRs, we 
expect that such hybrid structures can lead to different 
potential at the two edges, and form half metal. The 
spin-polarized DFT calculations confirm our guess, 
and show that half-metallicity can be presented with 
enough width of the ribbons in all three hybrid 
structures in our research. We find this unexpected 
half-metallicity in the hybrid nanostructures stems 
from a competition between the charge and spin 
polarizations, as well as from the π orbital 
hybridization between C and BN. The molecular-
dynamics simulations show that such materials are 
stable under the room temperature. 
Nakamura et.al. reported their research on the 
(BN)1C2n  and (NB)1C2n ribbons.51  The geometric 
structures are shown in Fig.11. Their results show that 
such structures favor ferrimagnetic states, with the 
spin density mainly distributes on the carbon edge. 
These structures present the magnetic moments, may 
give direct for production of macroscopical magnetic 
moments.  Another important result is the calculated 
band structures of the (BN)1C2n  and (NB)1C2n ribbons 
are metallic. 
 
 
Fig.11.  The atomic configuration of the (NB)1(C2)3 ribbon. Black, 
shaded, and white circles and small black dots denote C, N, B, and 
H atoms, respectively. (From ref. 51) 
       
The authors also discussed why the spin density of 
the ferrimagnetic ground state appears at the C edge, 
irrespective of the ribbon structure, (BN)1C2n or  
(NB)1C2n ?  In their schematic energy diagram (shown 
in Fig.12), they argued that the border state between B 
and C atoms is the bonding C state (b-C in Fig. 12). 
Because the C edge states are higher in energy than  
the bonding C state, thus the bonding C state is fully 
occupied for both the majority and minority spin 
channels. While only the majority spin channel of the 
C edge state is occupied.  Therefore, the spin density 
only appears at the C edge. On the other hand, for 
(BN)1C2n ribbons, the interaction between N and C 
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atoms forms the antibonding C state (a-C in Fig. 12). 
Since the antibonding C state is higher in energy than 
that of C edge state, this antibonding orbital should not 
be occupied. While for the C edge states, electrons in  
majority spin channel is much more than that in 
minority spin one. Thus the total spin density appears 
at the C edge. 
 
 
 
 Fig.12. Schematic of the energy diagram for the formation of the 
border state. (From ref. 51.) 
 
4.   Graphene nano clusters (GNC) 
Graphene nano clusters (GNC) are finite fragments cut 
from graphene, which lose translational symmetry. 
According to their special shapes, they have been 
named as nanoislands 52 and nanoflakes.53 Since such 
nano structures are difficult to be realized, theoretical 
researches can help us to gain enough insights into the 
mechanics of magnetic stability. Different with the 
zigzag GNRs, the magnetism is from the nonbonding 
states (NBS) caused by the zigzag edge atoms.53 Total 
magnetic moments can be described by a formula: 2S 
=NA-NB, where NA, NB are atoms belonging to 
different sublattices.52, 53 As a results, when the 
nanoislands or nanoflakes have the same number of 
sublattices atoms, such structures have no net 
magnetic moments.52 But we must notice that no net 
magnetic moments does not mean such structures are 
nomagnetic. Just as the results of Fernández-Rossier 
et.al.52, each egde atoms still have a net magnetic 
moment, but the AFM coupling between the nearest 
neighbour edges of the nanoislands will remove the 
net magnetic moment of the system.  
5.   Summary  
 This paper provides a review on the magnetism of 
graphene systems from a theoretical perspective.  The 
different magnetic origins in graphene, GNRs, and 
GNC have been described. We also show that through 
different methods, such as applying external electric 
field, edge modification, and chemical doping, the 
magnetic behaviors and the electronic structures of 
zigzag GRNs can be remarkably tuned. The research 
of artifical GNC has also provided an avenue to 
nanoscale spintronics.  
   One of the present obstacles is how to realize 
controllable magnetism and high Cure temperature in 
such graphene systems.  Because of the great potential 
of graphene in future electronic devices, such 
problems need further studied by experimental and 
theoretical works. 
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